Aims. We report on the theoretical and experimental lifetimes of Ta II, and calculated branching fractions for selected transitions. 
Introduction
There is growing interest in atomic data of heavy ions in different fields of physics including plasma diagnostics in fusion research, absorption spectroscopy in environmental studies, and investigations of the chemical composition of astrophysical objects. As part of an on-going effort to meet this demand, we report on new transition probabilities in singly ionized tantalum (Ta II).
The richness and complexity of the Ta II spectrum impose severe limitations in determining absolute transition probabilities from either lifetime measurements or by absorption and emission methods, because of the need for reliable branching fractions. The experimental determination of these quantities is affected by: fragmentary knowledge of the atomic structure of this ion, even for low-lying configurations; intensity calibration over the wide wavelength range that must be considered and possible "missing" weak branches. As a consequence, the experimental transition probabilities are rather scarse in heavy ions in general, and in Ta II in particular, and must be supplemented by theoretical results.
The singly charged ion Ta + has strong 5d 3 6s−5d 3 6p transitions between levels of high J arising within terms of maximum spin. These transitions are suitable for diagnostic purposes when interpreting astrophysical spectra. However, they are strongly influenced by screening effects, configuration interaction, and relativistic contributions. They appear as an interesting challenge for atomic physicists because the theoretical lifetimes and branching fractions are very sensitive to the details of the configuration interaction included in the calculations.
In astrophysics, investigations of the tantalum abundance in the stars have been scarce partly due to the lack of strong transitions observable in accessible spectral ranges. So far, the solar photospheric abundance of tantalum has not yet been determined (see e.g. Asplund et al. 2006) . However, Ta II has been investigated in the spectra of chemically peculiar stars including χ Lupi (see e.g. Eriksson et al. 2002 ).
We present a detailed set of calculated transition probabilities for many transitions in Ta II. The only data available of this nature are those of Corliss & Bozman (1962) , which are well known to be affected by large systematic errors. The accuracy of the present results is assessed by comparison between theoretical and experimental lifetimes obtained here and in previous investigations.
The present work extends some results reported in neutral (Fivet et al. 2006 ) and also in doubly ionized tantalum (Ta III) (Fivet et al. 2008 ).
The theoretical model
According to Moore (1958) , the ground state of Ta II is  5d 3 ( 4 F)6s 5 F 1 , and the first excited configurations are 5d 2 6s 2 and 5d 4 , which are of the same parity (even) as the ground configuration. Extensive contributions to the analysis of the Ta II spectrum are due to Kiess (1962) and, later on, to Wyart (1977) and Wyart & Blaise (1990) . The latter investigations led to the elimination of "fortuitous" levels reported in earlier analyses. Our present investigation is based on these three analyses of Ta II.
Configuration interactions appear strong in between the 5d N 6p, 5d N−1 6s6p, and 5d N−2 6s 2 6p odd-parity configurations in the platinum-group elements, the latter configuration being generally unrecognizable. For the even-parity states, the strong interactions between 5d
N , 5d N−1 6s, and 5d N−2 6s 2 configurations are well known and have been investigated in a systematic way with the parametric method (Wyart 1977) .
Atomic-structure calculations in a heavy ion such as Ta II are realistic only if relativistic and correlation effects are considered simultaneously in the physical model. In the past, we performed a large number of atomic-structure calculations (see e.g. Biémont & Quinet 2003; Biémont 2005 ) using HFR approach (Cowan 1981) , which is based on the non-relativistic Schrödinger equation but includes the most significant relativistic effects (Blume-Watson spin-orbit interaction, mass-velocity, 5d  3 6s  5d  3 6p  5d  3 6s  5d  3 6p  5d  3 7s  5d  3 7p  5d  3 7s  5d  3 7p  5d  3 6d  5d  3 5f  5d  3 6d  5d  3 5f  5d   4   5d  3 6f  5d   4   5d  3 6f  5d  2 6s   2   5d  2 6s6p  5d  2 6s   2   5d  2 6s6p  5d  2 6p   2   5d  2 6s7p  5d  2 6p   2   5d  2 6s7p  5d  2 6d   2   5d  2 6s5f  5d  2 6d   2   5d  2 6s5f  5d  2 7s   2   5d  2 6s6f  5d  2 7s   2   5d  2 6s6f  5d and one-body Darwin terms). Configuration interaction can be included in calculations in an extensive way using either an ab initio approach or a semi-empirical one based on a leastsquares fitting procedure applied to the calculated eigenvalues to obtain the most appropriate fit with the experimental energy levels. For more detailed and relevant references, we refer the reader to Biémont & Quinet (2003) and Biémont (2005) . In the present calculation, valence-valence type interactions have been considered by including in the configurationinteraction expansions, the configurations presented in Table 1 .
Core-valence interactions were taken into account by using a polarization-model potential and a correction to the dipole operator following a well-established procedure (see e.g. Quinet et al. 1999 ) giving rise to the so-called HFR + CP method. In the present context, two different polarization models were considered. In the first model [HFR + CP(A)], we retained a 5s 2 5p 6 4f 14 Ta 5+ ionic core surrounded by 4 valence electrons. For the dipole polarizability, we adopted the value α d = 3.18 a.u. (Fraga et al. 1976 ). The cut-off radius used was the HFR mean radius of the outermost core orbital and was chosen to equal r c (5p) = 1.30 a.u. In a second model [HFR + CP(B)], a Ta 3+ ionic core (5s 2 5p 6 4f 14 5d 2 ) was considered to be surrounded by 2 valence electrons. The corresponding value of dipole polarisability was α d = 6.75 a.u., and the cut-off radius r c (5d) equalled 1.95 a.u. The two sets of configurations adopted in the calculations are reported in Table 1. In the fitting procedure, we used all the experimentally established levels from Kiess (1962) , Wyart (1977) , and Wyart & Blaise (1990) . All parameters related to the experimentally observed configurations have been adjusted to reproduce the experimental levels in the most accurate way. The standard deviations in the fitting procedures were 60 cm −1 and 120 cm −1 (model A), and 60 cm −1 and 140 cm −1 (model B), for the even and odd parities, respectively.
Comparisons between theoretical and experimental energy levels are reported in Tables 2 and 3 for the even and odd parities, respectively, and are limited to the levels E < 45 000 cm
and E < 65 000 cm −1 . In the same tables, we also compare the experimental and calculated Landé g-factors obtained with the two different models. The two sets of g-values agree quite well and are also in excellent agreement with the available experimental results (Wyart 1977; Wyart & Blaise 1990) .
The calculated BFs for transitions originating in selected levels of Ta II are reported in Table 4 , where contributions above 1% only are quoted. Due to space limitations, the table is restricted to odd-parity levels with energy E < 44 000 cm −1 , for which experimental lifetimes are available (see Sect. 3). They should thus contain all the low-excitation transitions of astrophysical interest.
The experimental lifetimes

Previous work
Ta II lifetimes have been the subject of a number of experimental investigations. Six lifetimes were measured by Kwiatkowski et al. (1984) using selective laser excitation and time-resolved observation of the fluorescence light. The ions were produced by a sputtering technique in a low-pressure discharge. Pulsed laser excitation and time-resolved detection were applied by Bergström et al. (1986) in measuring 8 lifetimes using a lowpressure, hollow-cathode discharge as an ion source. Lifetimes of 10 levels in Ta II were obtained by Schade & Helbig (1986) using a similar technique. This work was extended with the same approach to 15 additional levels by Langhans et al. (1995) . The latest lifetime measurements in Ta II (6 levels) were performed by Henderson et al. (1999) with the beam-foil spectroscopy technique.
New measurements
We report on lifetime measurements of three short-lived, oddparity levels of Ta II obtained using TR-LIF spectroscopy on a laser-produced plasma. The TR-LIF technique has previously provided accurate lifetimes for neutral (Fivet et al. 2006 ) and doubly ionized tantalum (Fivet et al. 2008) . Details of the experimental setup used in the present experiment were described elsewhere (see e.g. Bergström et al. 1986; Xu et al. 2003 Xu et al. , 2004 Fivet et al. 2006 Fivet et al. , 2008 and only a brief description will be provided here.
Tantalum ions, in the ground as well as in excited states, were generated in a laser-produced plasma by focusing a 532 nm Nd:YAG laser pulse (Continuum Surelite) onto a rotating, tantalum target. The density and temperature of the expanding plasma were controlled and adjusted by changing the pulse energy and beam size incident on the target. The different ionization stages, having different velocities, could be separated by selecting an appropriate delay time between the ablation and excitation pulses.
The excitation pulses, obtained from a frequency-doubled Nd:YAG laser pulse (Continuum NY-82) transmitted into a temporal compressor, have a duration of 1−2 ns. To generate the required excitation wavelengths, the compressed pulses were used to pump a dye laser (Continuum Nd-60). Using the DCM dye, excitation wavelengths in the range 191−211 nm were obtained by non-linear processes, such as frequency doubling and tripling using KDP and BBO crystals and stimulated Raman scattering in a hydrogen-gas cell.
The excitation beam interacted with the tantalum ions about 1 cm above the target. The fluorescence, emitted from the excited levels, was collected by a fused-silica lens and focused onto the entrance slit of a 1/8 m monochromator, and then detected by a Hamamatsu 1564U micro-channel-plate photomultiplier tube Table 2 . Experimental and calculated energies (in cm −1 ) and Landé g-factors for the lowest even-parity levels (E < 45 000 cm −1 ) of Ta II. Table 4 . Calculated branching fractions (BF) and normalized transition probabilities (A, in s −1 ) for transitions originating in selected odd-parity levels of Ta II (E < 44 000 cm −1 ). Contributions above 1% only are quoted. Henderson et al. (1999) .
with a risetime of 0.2 ns and a fall time of 0.6 ns. The signal was recorded by a transient digitizer with a time resolution of 0.5 ns. In the measurements, the laser pulse and the fluorescence signal were recorded alternatively with the same detection system.
The new experimental lifetime values are reported in Table 5 for the three levels considered at 33 706, 42 960, and 43 065 cm −1 . These 3 lifetimes are averages for at least ten recordings. The error bars take into account the statistical uncertainties from the fitting as well as variations between the different recordings. There are no other experimental lifetimes available for comparison.
Discussion
The calculated lifetimes are given in Table 5 for the low-lying levels (E < 44 000 cm −1 ) of the odd configurations for which they are compared with the previous experimental results, and also with the 3 new lifetimes obtained in the present work.
It is obvious that the theoretical values for the level at 39 296 cm −1 , which disagree with the two experimental values available, are unreliable, the reason being cancellation effects affecting some depopulation channels of this level.
For two levels measured in the present work, the model HFR + CP(B) is in better agreement with the experimental results than the model HFR + CP(A), while the opposite is true for the third level. On the one hand, the model A is in good agreement with the experimental results of both Kwiatkowski et al. (1984) and Bergström et al. (1986) . For some levels, on the other hand, the model B agrees quite well with the experimental results of Schade & Helbig (1986) . On the basis of this comparison, it is not obvious to decide which model provides the best description of the data. However, the BFs obtained in the two calculations agree quite well (to within a few percent of each other particularly for the strongest transitions).
The transition probabilities (A) for the strongest transitions depopulating the levels of Table 5 are presented in Table 4 . They were obtained by combining the experimental lifetimes (either measured in the present work or taken from previous analyses; when several values were available, the mean value was adopted; see Col. 3 of Table 4) with theoretical BFs (which were calculated in the present work with the model A). Table 4 has been limited to the lines with depopulation channels for which gA > 10 8 s −1 . Additional results, for the weaker transitions, will be available in the database DESIRE 1 .
